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Proposal of highly efficient photoemitter with strong photon-harvesting
capability and exciton superradiance
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We propose a system of highly efficient photoemitters comprising metal-molecule multilayered structures.
In the proposed structure, the absorption in the molecular layer is greatly enhanced through quantum
interference between the split modes arising from the coupling of the layered excitons and the plasmons
sustained by the metal layer. Furthermore, the large interaction volume between surface plasmons and
excitons causes exciton superradiance, which results in the extremely efficient photoemission. This finding
indicates the possibility of designing highly efficient photoemitters based on simple layered structures.
For the realization of high-efficiency solar cells,
photo-emitting devices, and so forth, smart designs of
the light-matter coupling are necessary1–7. In particu-
lar, the scheme of high-efficiency photon harvesting is
crucial for the development of energy-saving technolo-
gies. For example, a high concentration of harvested
light energy in the photoactive parts of devices is im-
portant for realizing efficient photonic functions. One
approach to achieving the high concentration of har-
vested light energy is to utilize nanometallic structures
sustaining surface plasmon (SP) resonance8–13. It has
been proposed that the quantum interference between
the split coupled modes comprising SPs and molec-
ular excitons leads to strong energy concentration in
molecules11–13, which has been discussed as a type of
Fano resonance (FR) appearing through the interfer-
ence between the sharp discrete resonance and much
broader resonance14. However, such effects usually re-
quire highly sophisticated designs and the fabrication
of nanometallic structures to ensure strict control of
the system parameters. Thus, it is desirable to realize
systems for efficient photon-harvesting with simpler de-
signs such as those with layered structures. In studies
on the control of the light-matter interaction, it was re-
ported that metal-molecular composite layered struc-
tures easily induce large Rabi splitting (RS) due to
the strong interaction between excitons and SPs15–18.
Also, Hayashi et al. proposed highly sensitive sensors
based on the interference between the SP mode and
waveguide mode in multilayered structures19. How-
ever, such structures have received little interest for
application to photon-harvesting through the mode in-
terference effect (Fano resonance).
On the other hand, to realize highly efficient pho-
toemitters, not only an efficient photon-harvesting
scheme but also an efficient photoemission scheme must
be realized. It is known that highly efficient pho-
toemission occurs through exciton superradiance. As
the interaction volume (or coherence volume) between
a)Electronic mail: matsuda@pe.osakafu-u.ac.jp
excitons and the radiation field increases, the radia-
tive decay rate increases (so-called exciton superradi-
ance)20–25. For example, for very high quality CuCl
thin films, the radiative decay time was observed to
reach 100 fs order26, where excitons with a very high
coherence volume over the entire sample are strongly
coupled with the radiation field.
If we can design simple layered structures in which
energy concentration and exciton superradiance are si-
multaneously realized, it will greatly contribute to the
realization of photoemitters with high efficiency. In
this paper, we demonstrate a condition under which
strong energy concentration occurs in metal-molecule
composite multilayered structures, where SP-induced
exciton superradiance occurs simultaneously.
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FIG. 1. Sketch of the assumed composite layered structure
and p-polarized incident light is assumed to excite the SP
modes.
We consider a Kretschmann configuration consisting
of a prism, a metal layer, a nonactive layer, a molec-
ular layer, and a vacuum as illustrated in Fig. 1. Un-
less otherwise noted, we use the same parameters as
in Ref. 16. We treat a prism as a semi-infinite layer.
The nonactive layer is TiO2 and its thickness Lnonac is
2 nm. We assume that the molecular layer with thick-
ness Lm = 26 nm is a PVA-TDBC one. This structure
enables SP modes to propagate along the vacuum-side
surface of the molecular layer. The dielectric function
2of the metal layer is modeled by the three critical point
pole pairs (CP3) model with the parameters of Ag27.
We consider the following Hamiltonian: Hˆ = Hˆex +
HˆI, where Hˆex = ~Ωexbˆ
†bˆ represents the resonance
energy of a bare exciton in the molecular layer and
~Ωex = 2.1 eV. The bosonic operator bˆ (bˆ
†) stands
for the annihilation (creation) operator of an exciton.
HˆI = −
∫
dr Pˆex(r) ·E(r, t) represents the interaction
between excitons and the electric field. The excitonic
polarization is represented as Pˆex(r) = P(r)bˆ + H.c.,
where the expansion coefficient P(r) is expressed as
P(r) = P eik‖·r‖
{
Θ(z − zj−1) − Θ(z − zj)
}
, where
P is the transition dipole moment density, and k‖ and
r‖ are a wavevector and position vector parallel to the
film surface, respectively. Θ(z) is the Heaviside step
function. Here, we consider only the excitonic polar-
ization as the coordinate phase mode, and the relative
motion of excitons is treated as that in the bulk. We
express the electric field satisfying the Maxwell equa-
tion in integral form as
E(r, ω) = E0(r, ω) +
∫
dr′ G¯(r, r′, ω) ·P(r′) 〈bˆ(ω)〉 .
(1)
The dyadic Green’s function G¯(r, r′, ω) satisfies the
equation
[
∇ × ∇ × −ε(r, ω)ω2/c2
]
G¯(r, r′, ω) =
ω2/(ε0c
2)δ(r − r′) I¯28, where ε(r, ω) reflects the sam-
ple geometry determined by the background dielectric
constants of the different layers. In this expression, c
is the speed of light and ε0 is the vacuum permittiv-
ity. Solving the equation of motion for excitons and
the Maxwell equation simultaneously, we obtain the
self-consistent equation set as
[
~(Ωex − ω − iΓex/2) +A(ω)
]
〈bˆ(ω)〉
=
∫
dr P∗(r) ·E0(r, ω), (2a)
A(ω) ≡ −
∫
dr
∫
dr′ P∗(r) · G¯(r, r′, ω) ·P(r′),
(2b)
where E0(r, ω) is the incident electric field. In this
expression, we phenomenologically introduce nonradia-
tive damping Γex whose value is 49 meV. Equation (2b)
describes the energy correction of excitons including
the effect of SPs through G¯(r, r′, ω). We can now de-
termine the self-consistent field by substituting 〈bˆ(ω)〉
from Eq. (2a) into Eq. (1).
First, we investigate the absorptivity spectrum in
the molecular layer while varying the thicknesses of the
metal layer. We evaluate the absorptivity spectrum
in the jth layer, Aj(ω) (j ∈ N), using the following
expressions29: Aj(ω) ≡
1
S0(ω)
∫ zj
zj−1
dz Qj(z, ω), where
Qj(z, ω) is the optical power dissipation of the jth layer
in the z direction. S0(ω) = (1/2)Re{Ex,0H
∗
y,0} is the
magnitude of the input time-averaged Poynting vector,
where Ex,0 is the x component of the electric field in
the input region and Hy,0 is the y component of the
magnetic field in the input region. If the absorptivity
at a particular layer is 1, it means that an incident light
power is totally concentrated into this layer without
reflectance and transmittance.
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FIG. 2. Absorptivity in the molecular layer plotted as
a function of the incident angle and incident photon en-
ergy for different thicknesses of the metal layer: (a) Lme =
66 nm, (b) Lme = 50 nm, (c) Lme = 34 nm, (d) Lme =
22 nm, and (e) Lme = 12 nm.
3Here, we assume that the p-polarized incident light is
used to excite the SP modes. In Fig. 2, we plot the ab-
sorptivity in the molecular layer as a function of the in-
cident angle and incident photon energy. In Figs. 2(a)-
(e), we confirm the crossover behaviour from RS to FR
with decreasing thickness of the metal layer. As shown
in Figs. 2(a,b), in the RS regime the absorption by the
two modes in the molecular layer is enhanced at par-
ticular incident angles. On the other hand, in the FR
regime, the absorption of only one of the modes in the
molecular layer is greatly enhanced over a wide range of
the incident angle as shown in Figs. 2(d,e). Within the
thickness regime in our system, the thicker metal film
generates a larger plasmonic dipole moment that leads
to the stronger coupling with the molecular excitons.
On the other hand, with the decrease in the metal film
thickness, the coupling strength between the plasmons
and excitons rapidly decreases. Also, note that, in FR
regime, we do not need to carefully choose the incident
angle to enhance the absorption in the molecular layer.
To find suitable conditions to enhance the absorption
in the molecular layer, we examine the following two
cases: (i) the thickness of the metal layer Lme is 50 nm
and the incident angle θ is 49◦ in the RS regime, and
(ii) Lme = 22 nm and the incident angle θ = 50
◦ in the
FR regime.
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FIG. 3. (a) Absorptivity spectra for structures with thick-
ness of the metal layer Lme = 50 nm and incident angle
θ = 49◦ plotted as a function of the incident photon en-
ergy. The red solid line represents the absorption in the
metal layer and the blue dashed line represents that in the
molecular layer. (b) Electric field intensity as a function of
position z and incident photon energy.
In case (i) (RS regime), as shown in Fig. 3(a), the
enhancement of absorption in the metal layer cannot
be avoided at the peak energy of the absorption in the
molecular layer because the Rabi-split modes contain
both plasmon and exciton components owing to their
strong coupling. Figure 3(b) shows the electric field in-
tensity as a function of position z and incident photon
energy. As shown in Fig. 3(b), the electric field is en-
hanced at the peak positions of absorption in Fig. 3(a).
Thus, the RS regime is not suitable for efficient photon-
harvesting because the incident photon energy cannot
be concentrated into only the molecular layer.
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FIG. 4. (a) Absorptivity spectra for structures with thick-
ness of the metal layer Lme = 22 nm and incident angle
θ = 50◦ plotted as a function of the incident photon en-
ergy. The red solid line represents the absorption in the
metal layer and the blue dashed line represents that in the
molecular layer. The green dotted line shows the absorp-
tion in a single molecular layer (for the optimum condition;
incident angle of s-polarized light of θ = 80◦) for compari-
son with the composite layered structure with Lme = 22 nm
and θ = 50◦. (b) Electric field intensity plotted similarly
to that in Fig. 3(b).
In case (ii) (FR regime), we find the condition of
strong suppression of the absorption in the metal layer
(2%) as shown by the red solid line in Fig. 4(a), and,
at the same frequency, marked enhancement of the ab-
sorption in the molecular layer (96%) shown by the
blue dashed line in Fig. 4(a). This value is consider-
ably superior to that for the system in Ref. 11. On
the other hand, in the single molecular layer [see the
green dotted line in Fig. 4(a)], the absorptivity does not
reach 40% even under the optimum condition, the inci-
dent angle of s-polarized light of θ = 80◦ for the same
thickness. Figure 4(b) shows the electric field profile
plotted similarly to that in Fig. 3(b). This profile indi-
cates that excitons are not very strongly coupled with
SPs, and the energy concentration occurs in the molec-
ular layer11 because, in the FR regime, the splitting
4between exciton-plasmon coupled modes is not larger
than the spectral width of the respective modes, and
at the excitonic resonance energy, these two peaks are
overlapped, where the excitonic components are con-
structively superposed, while the plasmonic compo-
nents destructively superposed. This quantum interfer-
ence clearly appears in Fig 4(a). Namely, the plasmonic
absorption is strongly suppressed and the excitonic res-
onance is remarkably enhanced. (Note that the elec-
tric field intensity at around 2.1 eV is suppressed at the
molecular layer in spite of the greatly enhanced absorp-
tivity because of the interference between the incident
field and the strong radiated field from the induced
polarization in layered structures.) In this way, strong
energy concentration into the molecular layer alone is
possible in the FR regime, which is advantageous for re-
alizing efficient photon-harvesting with simple layered
structures.
Next, we examine the possibility of exciton super-
radiance in our proposed structure. To evaluate the
radiative decay time of excitons, we find the roots {ω˜}
of det[~(Ωex − ω˜) +A(ω˜)] = 0 in the LHS of Eq. (2a).
Here, we set the nonradiative damping included in the
dielectric function of Ag to zero for the technical reason
to extract the pure radiative width of excitons. In fact,
the superradiance is hardly affected by the the nonra-
diative damping of Ag because the plasmonic excita-
tion is strongly suppressed in the considered condition.
The roots {ω˜} provide the complex eigenfrequencies
{ω˜} of the coupled mode, whose real parts Re{ω˜} give
the eigenfrequencies including the radiative shift and
whose imaginary parts Im{ω˜} correspond to the radia-
tive decay rate. Thus, we can describe the radiative
decay time as τR = 1/(−2Im{ω˜}).
By evaluating τR, we find that the radiative
decay time of excitons in our proposed structure
(τR=0.012 ps) is much shorter than that in the sin-
gle layered structure with the optimum condition,
the incident angle of s-polarized light of θ = 80◦
(τR=0.046 ps), because of the large interaction volume
between coherently extended wavefunction of excitons
and SPs. These results indicate that our proposed
structure has the major advantage of highly efficient
photoemitters owing to the compatibility of the strong
absorption and large radiative width.
Finally, we calculate excitonic population spectrum
to discuss the amount of luminescence in the molecular
layer within the linear response regime. The excitonic
population spectrum can be expressed as30
Nex(ω) = | 〈bˆ(ω)〉 |
2
=
∣∣∣
∫
dr P∗(r) ·E0(r, ω)
~(Ωex − ω − iΓex/2) +A(ω)
∣∣∣2. (3)
In Fig. 5, we plot the excitonic population spectrum
versus the incident photon energy. By calculating the
integrated intensity of each excitonic population spec-
trum, we find that the intensity in the present struc-
ture is about 24 times larger than that of the single
molecular layer under the optimum condition, the inci-
dent angle of s-polarized light of θ = 80◦. From these
results, we can expect marked strengthening of the lu-
minescence utilizing our proposed structure.
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FIG. 5. (Color online) Excitonic population spectrum ver-
sus incident photon energy. Both spectra are normalized
by the peak of the red solid line.
To conclude, we find that high-efficiency energy con-
centration in the photoactive part of a device can be re-
alized with a simple metal-molecule multilayered struc-
ture, where the absorption at the metal layer is greatly
suppressed by the Fano resonance effect even for this
simple structure. We propose a high-efficiency pho-
toemitter using this mechanism, where strong light-
harvesting by the above mechanism and strong pho-
toemission by exciton superradiance occur simultane-
ously. To demonstrate the potential of our proposed
structure, we numerically calculate the absorption, ra-
diative decay rate, and population of a layered exciton
under particular conditions. As a result, we find a con-
dition under which every aspect commonly shows ex-
cellent performance. We hope that our findings will en-
able the design of high-efficiency photoemitters based
on simple layered structures.
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